In his studies of the continuous change from the liquid to the vapor state, a t temperatures above the critical, van der Waals developed the theory that a t the boundary between a liquid and its vapor there is not an abrupt change from one state to the other, but rather that a transition layer exists in which the density and other properties vary gradually from those of the liquid to those of the vapor.
solutions investigated, the absorption index diminishing approximately 1% for a rise in temperature of one degree. 6. In liquid ammonia rough measurements of concentration showed the absorption index to be proportional to the total concentration of metal.
7. In methylamine the absorption index, at the wave length of the band maximum is also proportional to the total concentration of metal.
At shorter wave lengths, however, deviations were observed, the absorption increasing more rapidly with concentration than Beers' law would demand. The ratio of the absorption index a t 650pp to that a t 53opp increases not only with increasing concentration of the metal but also with increasing concentration of the reaction product of the metal with methylamine, and probably also with increasing temperature. 8. These observations can be accounted for by the following hypotheses:
The color in all cases is due to electrons combined with the solvent. In ammonia the dissociation of the metal into electrons is nearly complete, and the concentration of electrons uncombine4 with solvent is negligible compared with that of the solvated electrons. In other words, the solvation of the electrons is nearly complete. In methylamine, on the other hand, the concentration of un-ionized metal is no longer negligible and is responsible for the increased absorption a t the shorter wave lengths. The solvation of the electrons in methylamine is incomplete and diminishes as the temperature is increased.
distance." Bakker' lias a 1w-y similar theory to account for surface tension phenomena. Ile assumes that the molecules in the transition layer are attracted tonm-ds one another with a force Tvhich is an inverse exponential function of the distance betneen them. Colloid chemists have of necessity given n great deal of attention to the phenomena of adsorption. -1lthough several "chemical theories of adsorption" have been proposed. most morkers in this field favor the view that adsorption is a "physical" phenomenon.
During the year I~I.+, in connection with studies of electron emission2
and chemical reactions a t low pre~sures,~ T became much interested in the phenomena of adsorption, lznd deT-eloped a theory4 which has been strikingly verified hy 2 large number of experiments carried out since that time. According to this theory there is an abrupt change in properties in passing through the surface of any solid or liquid. The atoms forming the surface of a soli3 are held to the underlying atoms by forces similar to those acting between the atoms inside the solid. Prom Bragg's work on crystal structure and from many other considerations we know that these forces are of the type that ha\-e usually been cIassed 3s chemical. In the surface layer, Iiecnusc of the asymmetry of the conditions, the arrangement of the atoms must always be slightly different from that in the interior. These atoms will be unsaturated chemically and thus they are surrounded by an intense field of f0rce.j From other considerations, I was led to believe that when gas molecules impinge against any solid or liquid surface they do not in general rebound elastically, but condense on the sudace, being held by the field of force of the surface atoms. These molecules may subsequently evaporate from the surface.'; The length of time that elapses between the condensation of a molecule and its subsequent evaporation depends on the intensity of the surface forces. Adsorption is the direct result of this time lag. If the surface forces are relatively intense, evaporation will take place a t only a negligible rate, so that the surface of the solid becomes completely covered with a layer of molecules. In cases of true adsorption this layer will usually be not more than one molecule deep, for as soon as the surface becomes covered by a single layer the surface forces are chemically saturated. Where, on the other hand, the surface forces are weak the evaporation may occur so soon after condensation that only a small fraction of the surface becomes covered by a single layer of adsorbed molecules. In agreement with the chemical nature of the surface forces, the range of these forces has been found to be extremely small, of the order of IO+ cm. That is, t h e effective range of the forces is usually much less than the diameter of the molecules. The mdecules thus usually orient themselves in definite ways in the surface layer since they are held to the surface by forces acting between the surface and particular atoms or groups of atoms in the adsorbed molecule.
This theory has been tested by a large number of experiments in this laboratory. In every case the results have furnished striking confirmation of the correctness of the theory. In two recent papers on the "Constitution and Fundamental Properties of Solids and Liquids"l I have presented a large amount of evidence in support of the above theory of adsorption emphasizing particularly the chemical nature of the forces involved. This chemical theory of adsorption is essentially different from previous chemical theories of this phenomenon. The earlier workers believed that definite chemical compomds were formed on the surface, whereas according to the present theory, the adsorbed atoms are chemically combined to the surface atoms of the solid (or liquid) but these in turn are chemically combined to those below thew, and so on throughout the whole mass of the solid. Although the forces involved in the formation of such adsorbed layers are not different from those in the formation of chemical compounds, yet the chemist has not devised any terminology for such types of chemical combinations and, therefore, often fails to realize the similarity between these phenomena and those typical chemical phenomena to which his language applies more directly.
In the two papers referred to, a large number of experiments are described which prove that true adsorbed films do not exceed one molecule in thickness. In the first paper (Part I, pages 2269 to 2292) the evidence was for the most part indirect and was based primarily on observations of the electron emission from heated filaments in various gases a t low pressures and of the velocity of chemical reactions in gases a t low pres-In64 IRVIh'G LANGMUIR.
sures. In the second paper (Part 11, pages 1858 to 1898)~' direct proof is given that thin oil films on the surfaces of liquids, as well as adsorbed films of substances dissolved in liquids do not normally exceed one molecule in thickness. With saturated surfaces the adsorbed surface layer consists of a single layer of tightly packed molecules. In fact, methods were developed by which it was possible to measure the lengths and crosssections of these adsorbed molecules and to determine with certainty how they were orientated on the surface.
The theory of surface tension which I developed in I 9 I 62 and which was later elaborated by W. D. Harkinsj3 also furnishes striking proof that the surface layers in pure liquids are normally of the thickness of a single molecule, and that these molecules are orientated in definite ways. Although with liquids, direct proof of the existence of these monomolecular films was obtained, the evidence in the case of adsorption by solid bodies was indirect. Only in one instance, namely the adsorption of atomic hydrogen on glass surfaces (see Part I, page 2 2 7 0 ) was direct evidence of this kind found. The theory outlined above leads inevitably to the conclusion that films of gas adsorbed on plane surfaces of solids should have no greater tendency to exceed one molecule in thickness than do those on liquids. But the conclusions drawn by most previous investigators of adsorption of gases by solids have been that such adsorbed films have a thickness relatively large compared to the dimensions of a molecule. A discussion and a criticism of much of the published work have been given in Part I, on pages 2283-5, and in Part IT, on Page 1904. There appear to be three main reasons which have led these investigators to conclude that adsorbed films are relatively thick. In most cases the experiments have been carried out with porous materials such as charcoal, so that it has not been possible to determine with certainty the effective adsorbing surface. Other workers have employed metal foil or other surfaces of known area, but in order to get sufficiently large surfaces bave packed so much foil, etc., into small vessels that enormous numbers of capillary spaces were formed. They then employed saturated or nearly saturated vapors bringing about actual condensation of liquid in the capillary spaces. 'She third cause of error has consisted in the use of substances which actually dissolve the vapor thought to be adsorbed. The so-called adsorption of water vapor by glass is an example of this kind. The experiments to be described in the present paper' were undertaken to determine whether, if these three sources of error were eliminated, the quantities of gases adsorbed by solids would not be in agreement with the new theory of adsorption. Since it was necessary to use relatively large surfaces of solid bodies it was hardly practicable entirely to avoid capillary spaces, but by using gases a t pressures much below their saturation pressures the danger of the condensation of liquid in the capillary spaces was avoided. It was decided to work with gases at very low pressures, partly to overcome the above difficulty, but more particularly to make it easier to measure small quantities of adsorbed gases. With a vacuum system of one-half liter capacity a single cubic millimeter of gas will give a pressure of z bars (dynes per sq. cm.). A pressure of 0.01 bar may be easily read on an ordinary McLeod gauge so that these small volumes of gas may be measured with sufficient accuracy. The diameter of molecules of ordinary permanent gases averages about 3 X IO--* cm. ' There are thus about 1 0 1 5 molecules per sq. cm. in a monomolecular layer, corresponding to 0.04 cubic millimeter of gas per sq. cm. at ordinary temperature and pressure; therefore, with surfaces of about a square meter, the amount of gas required to cover the surface with a single layer of molecules is 400 cubic millimeters.
Three substances were tried, mica, glass and platinum. Mica and glass had the advantage that they could be obtained in thin sheets and that the surfaces would probably be smoother than most other substances that could be used Platinum was tried as an example of a metallic surface; to be sure that the surface was not covered with a layer of oxide or other surface film which might absorb gases, it was necessary to use a non-oxidizing metal such as platinum.
Before taking up the details of the experiments let us consider the general theory of adsorption.
The plane faces of a crystal must consist of atoms forming a regular plane lattice structure. The atoms in the cleavage surface of crystals like mica are those which have the weakest stray fields of force of any of the atoms in the crystal. It is probable that in mica the hydrogen atoms cover most, if not all, of the surface, since hydrogen atoms when chemically saturated by such elements as oxygen possess only weak residual valence. In the case of glass, and other oxygen compounds like quartz or calcite, the surface probably consists of a lattice of oxygen atoms. The surface of crystals thus resembles to some extent a checkerboard. When molecules of gas are adsorbed by such a surface these molecules take up definite positions with respect to the surface lattice and A brief summary of the most important results was published in "Part 11" page 1904.
These experiments were carried out during the latter half of 1916. thus tend to form a new lattice above the old. A unit area of any crystal surface, there€ore, has a definite number of "elementary spaces," each capable of holding one adsorbed molecule or atom. In general, these elementary spaces mill not all be exactly alike. There will frequently be cases where there are two or three different kinds of spaces. For example, in a mica crystal it may be that both oxygen and hydrogen atoms, arranged in a regular lattice, form the surface in such a way that different elementary spaces are surrounded by different numbers or arrangements of atoms. In Fig. I If the adsorbed molecules take up positions over the centers of the squared formed by 4 of the surface atoms, it is seen from this diagram that there are two kinds of elementary spaces, those represented by For each of the latter there are two H H of the former kind of space. In case the adsorbed atoms arrange themselves directly above the surface atoms, there would still be two kinds of elementary spaces. From considerations of this kind we see that a crystal surface may have spaces of only one kind, or may have two, three, or more different kinds of spaces representing definite simple fractions of the surface.
Each kind of elementary space will, in general, have a different tendency to adsorb gases. As the pressure of gas is increased the adsorption will then tend to take place in steps, the different kinds of spaces being successively filled by the adsorbed molecules. The quantities of gas adsorbed in the different steps should in general bear simple stoichiometric ratios to each other. For example, suppose adsorption takes place mare readily in the spaces represented by in Fig. I 
than in the
Then the first step in the adsorption will be to saturate the spaces spaces and in the second step the H ( I spaces will be saturated. Since O H H H there are twice as many of the second kind as of the former, the second step will represent just twice as much gas as the first step. When differ-0 H' and those represented by O H H H' ent gases are adsorbed alternately by the same crystal surface the maximum amounts of gas adsorbed will often be related in a simple stoichiometric manner. Thus, if each elementary space holds one adsorbed molecule, equal volumes of different gases will be adsorbed. It may, however, happen that two or three molecules of one gas can occupy a space previously occupied by a single molecule of another gas. In this case the maximum volumes adsorbed uill bear the relation I : 2 or I : 3. Where more than one molecule can occupy a single elementary space the forces holding the successive molecules will usually differ. Thus the first molecule may be held by a strong force, but when the space is shared by a second molecule the force holding each of the two may be much weaker. This will lead to a tendency for the adsorption to occur in steps just as though there were several kinds of elementary spaces. On the other hand, it may sometimes happen that the forces holding each of two molecules may be greater than the force holding a single one. Adsorption would then not occur in steps, but according to laws quite different from those where only one molecule occupies an elementary space.
The molecules of many gases will be so large that they cannot occupy adjacent elementary spaces on the crystal surface. This may cause one-half or a third of the elementary spaces to be occupied, in which case stoichiometric relation might still exist. It may happen more often that molecules are only slightly too large for the elementary spaces so that they occupy adjacent spaces only by crowding each other. Phenomena of this kind are very familiar to organic chemists, under the name "Steric hindrance." This crowding of the molecules may, in many cases, completely obliterate the stoichiometric relations that would otherwise occur. The effect of steric hindrance will be to make it difficult to saturate the surface with any adsorbed substance. The exact fraction of the elementary spaces which may be filled will depend on a large number of factors such as the shape and elastic properties of the molecules and their mobility on the surface.
With amorphous substances like glass, the surface atoms are probably not arranged in a regular lattice formation. There will therefore be an indefinite number of different kinds of elementary spaces. We should not expect the adsorption to occur in steps representing stoichiometric proportions of gas. The number of elementary spaces may, however, be quite definitely determinable so that the maximum amounts of different gases adsorbed may still stand in stoichiometric relations.
We have so far considered only cases in which the maximum amount of adsorbed substance is primarily determined by the surface lattice of the solid on which the adsorption occurs. In the study of the spreading of oil films on water1 it was found that stoichiometric relations frequently I See Part I1 pages 1866 and 1902. occurred between the maximum amounts of different oils adsorbed per unit area. In every case, however, the space occupied per molecule depended on the nature and shape of the adsorbed molecule rather than upon the structure of the surface of the water. In a similar way, with solid bodies, the properties of the adsorbed molecules may often determine the amount adsorbed, especially where the mobility of the adsorbed molecules is great or where the forces acting between adjacent adsorbed molecules are comparable with those holding the molecules on the surface.
From the above considerations it is apparent that the phenomena of adsorption cover nearly the whole of the chemistry and physics of surface action. The complexity and variety of processes involved in adsorption are thus about as great as those in physical and chemical changes of state in homogeneous media. In the study of adsorption we should therefore expect to find many different types of adsorption phenomena and, in general, unless great care is taken to simplify the experimental conditions, we should expect the observed phenomena to be of the utmost complexity. It is then no longer reasonable to look for a single equation which, for all cases, will give the relation between the pressure and the quantity of adsorbed gas. Instead of that, me should look for a number of different limiting equations each covering a definite type of adsorption. Only by careful control of the experimental conditions will it be possible to study each type separately.
Let us now attempt to develop a quantitative theory of adsorption for each of the simple limiting conditions which we may hope to be able to study experimentally.
Simple Adsorption.-We will first consider adsorption on a plane surface having only one kind of elementary space and in which each space can hold only one adsorbed molecule.
The rate at which gas molecules come into contact with a surface is given by the equation'
Here na is the number of grams of gas striking the surface per sq. cm. per second, M is the molecular weight, T the absolute temperature, 9 the pressure in bars, and R the gas constant 83.2 X 1 0 6 ergs per degree. If we let p represent the number of gram molecules of gas striking each sq. cm. per second, then p = m / M , whence from ( I ) may call a, will condense and will be held by the surface forces until the. molecules evaporate again. As was mentioned above, there is good experimental evidence that CY is in general very close to unity. The rate at which gas condenses on a bare surface will thus be a !~.
Let No represent the number of elementary spaces per sq. cm. of surface. Then, in accordance with the assumptions we have made, the number of gas molecules adsorbed cannot exceed No except by the fonnation of additional layers of molecules. The forces acting between two layers of gas molecules will usually be very much less than those between the solid surface and the first layer of molecules.' The rate of evaporation from the second layer will, therefore, be so much more rapid than from the first, that the number of molecules in the second layer will be negligible. When a molecule strikes a portion of the sgrface already covered it thus evaporates so quickly as to be in effect equivalent to a reflection. Therefore, the rate of condensation of the gas on the surface is crop, where 0 represents the fraction of the surface which is bare. Similarly the rate of evaporation of the molecules from the surface is equal to vlO1, where VI is the rate at which the gas would evaporate if the surface were completely covered and O1 is the fraction actually covered by the adsorbed molecules. When a gas is in equilibrium with a surface these two rates must be equal, so we have 
If 17 be the number of gram molecules of gas adsorbed per unit area of surface, then q is given by where N is the Avogadro constant 6.06 X 1023 molecules per gram molecule.
Equation 9 gives the desired relation between the pressure of a gas, which by (3).is proportional to p, and q, the amount adsorbed on a plane surface. The values of , u and 7 can be determined experimentally and from these data by means of Squation 9, LYo and g1 can be calculated.
The quantity r1 which we shall call the "relative life," is related in a simple way to the "average life" of an atom of adsorbed gas on the surface. It is readily seen that the average life of all the atoms which condense on the surface is equal to iVo/Svl, while the average life r of all the atoms which strike the surface, is iVo ajNvl. From this, by Equation j , we obtain whence For very low pressures, ul,u becomes negligible compared to unity, so that as a first approximation At these low pressures the amount adsorbed thus decreases rapidly as the temperature is raised, since by (IO) r is inversely proportional to vll the rate of evaporation.
On the other hand, a t higher pressures, u1p becomes very large compared to unity, so that 7 , the amount adsorbed, approaches a definite limit or saturation value q = r p .
( 1 2 ) corresponding to the case where every elementary space contains one adsorbed molecule. A t these higher pressures the amount adsorbed does not vary with the temperature except in so far as No is dependent on temperature.
'She rate at which the adsorption equilibrium is reached is related to T , the average life of a molecule on the surface. Equation 8 holds after equilibrium has been reached. By an analogous method of derivation it may be readily shown that the rate a t which the adsorption equilibrium is reached is given by the following equation :
Here e' represents the instantaneous value of el. Integration gives
The time tx required for the equilibrium to go half way to its final If we then combine this result value is obtained by placing 0' = ',1201. with Equation IO we obtain Since a is close to unity the "half period" in reaching equilibrium is always less than T , the average life of an adsorbed molecule. At high pressures when the surface is nearly saturated, the equilibrium is reached still more rapidly.
Case 11. More than One Kind of Elementary Space.-Let us assume that the surface contains several different kinds of elementary spaces representing the fractions PI, Pz, P3, etc., of the surface so that With crystal surfaces the quantities pl, 02, etc., will generally be simply related (stoichiometric relations). Since each of the different kinds of elementary spaces affects the adsorption independently, the result is the same as if the total surface were divided into certain fractions, 81, 82, etc.
For each of these surfaces an equation of the type of Equation 8 will hold.
where el, 02, 93, etc., represent the fractions of the various surfaces occupied by the adsorbed molecules.
The total amount adsorbed q will thus be given by (NIAT,) 77 = plel + pzez + p3e3 + . . . (18) This equation may also be written For very small pressures, where the second terms in the denominators are negligible, the amount of adsorbed gas is proportional to the pressure, but increases much more slowly a t higher pressures. If the relative lives ul, u2, etc., are markedly different from each other then it is seen that the adsorption will occur in definite steps as the pressure increases. Thus, if ul is much larger than u2, the first term in (19) will approach the limiting value PI, before the second term has become appreciable. At still higher pressures the second term will also approach its limiting value, 02.
Case 111. Adsorption on Amorphous Surfaces.-In general with crystal sun'aces there are probably only a few different kinds of elementary spaces, but with amorphous bodies such as glass, the elementary spaces, may all be unlike. In such cases we may consider the surface divided into infinitesimal fractions, do, each element having its corresponding value of u. If the "law of distribution" of the relative life u over the surface is known, then a formula can readily be derived giving the amount of adsorption as a function of the pressure. In general, we may therefore place or where u is a function of 6. The exact form of this function can only be determined by a more intimate knowledge of the nature of amorphous surfaces than we now possess. It may, however, be possible by careful experimental determinations of q as a function of p to draw certain useful conclusions as to the nature of the function a@). Equation 2 1 should also apply to adsorption by porous bodies.
Case IV. Each Elementary Space Can Hold More than One Adsorbed
Molecule.-Let us assume that each elementary space can hold n molecules. The rates of evaporation of the molecules will depend upon the number of molecules in the spaces. Let V, be the rate of evaporation from a space containing n molecules. It is probable that the reflection coefficient a may also vary according to the number of molecules in a space. Let a, be the reflection coefficient corresponding to spaces containing n -I molecules. Let 0 represent the fraction of the elementary spaces which contain no adsorbed molecules, 0, the fraction of spaces containing n molecules. Then
And the total quantity of adsorbed gas 7 is given by (see Equation 9 ).
I =~+ e l + e 2 + . . . + e n .
( 2 2 )
Nq -el + 2e2 + 3e3 + :. . nB,.
N , -
When equilibrium has been reached we have
whence if we place aJv, = u, O4 = unuau&?l, etc. Substituting these in 22 and 23 and eliminating 81 we find
In this equation there are only a limited number of t e r m s in the numerator and denominator; for example, suppose each elementary space can hold two mokcules, then u3, u4, etc., are each equal to zero, so that there are only two terms in the numerator and three in the denominator. An equation of this general form may be expected to hold in other cases where adjacent molecules iduence each other's rate of evaporation. Case V. Atomic Adsorption.-In the cases considered above, molecules N, -I + U$ + u1uzp~ + a1u2usps + . . :
of adsorbed substance have acted as indivisible units; that is, when a molecule evaporated from the surface it contained the same atoms as when it was first adsorbed. There is good evidence that the forces which hold adsorbed substances act primarily on the individual atoms rather than on the molecules. When these forces are sufficiently strong, it may happen that the atoms leaving the surface become paired in a different manner from that in the original molecules.
For example, consider the adsorption of a diatomic gas such as oxygen on a metallic surface. Let us assume that the atoms are individually held to the metal, each atom occupying one elementary space. The rate of evaporation of the atoms is negligibly small, but occasionally adjacent atoms combine together and thus nearly saturate each other chemically, so that their rate of evaporation becomes much greater. The atoms thus leave the surface only in pairs as molecules. Starting with a bare surface, if a small amount of gas is adsorbed, the adjacent atoms will nearly always be the atoms which condensed together when a molecule was adsorbed. But from time to time two molecules will happen to be adsorbed in adjacent spaces. One atom of one molecule and one of the other may then evaporate from the surface as a new molecule, leaving two isolated atoms which cannot combine together as a molecule and are therefore compelled to remain on the surface. When a stationary state has been reached there will be a haphazard distribution of atoms over the surface. The problem may then be treated as follows:
Let O1 be the fraction of the surface covered by adsorbed atoms, while 0 is the fraction which is bare. In order that a given molecule approaching the surface may condense (and be retained for an appreciable time) on the surface, two particular elementary spaces must be vacant. The chance of one of these spaces being vacant is 0; that both shall be vacant is 02. The rate of condensation is thus equal to a02,u. Evaporation only occurs when adsorbed atoms are in adjacent spaces. The chance that ap atom shall be in a given space is el. Therefore, the chance that atoms shall be in adjacent spaces is proportional to et2. The rate of evaporation of molecules from the surface is therefore equal to v1012, where, as before, v1 is the rate of evaporation from a completely covered surface. For equilibrium we then have the condition The number of gram molecules 9 of oxygen ( 0 2 ) adsorbed per unit area is given by a e 2 p = v1e12
(27)
By combining these two equations with 0 + O1 = I, we may express q Of most practical inin terms of , u by means of a quadratic equation.
terest, however, is the case where the total amount of adsorption is only sufficient to cover a small fraction of tlic surface. We can. therefore, place approximately 0 = I and obtain where u = a/vl.
Thus, in this case, even a t relatively low pressures, the total amount of adsorbed gas varies in proportion t o the square root of the pressure. If three instead of two elementary spaces are occupied by the atoms of each molecule, then the square root relation expressed by (28) becomes a cube root relation.
Case VI. Adsorbed Films More than One Molecule in Thickness.-With gases or vapors at pressures much below saturation the surface of a solid tends to become covered with a single layer of molecules. The reason for this is that the forces holding gas molecules (or atoms) on to the surface of solids are generally much stronger than those acting between one layer of gas molecules and the next. When the vapor becomes nearly saturated, however, the rate of evaporation from the second layer of molecules is comparable with the rate of condensation so that the thickness of the f i l m may exceed that of a molecule. These thicker f i b s may also occur in those cases where thc forces acting between the first and second layers of adsorbed molecules are greater than those holding the first layer to the surface. An example of this latter kind has been found experimentally in the condensation of cadmium vapor on glass surfaces.1 Let 0 be the fraction of the surface whicli is bare, while On represents the fraction of the surface covered by a layer ?z molecules deep. Let Y, be the rate of evaporation of molecules from the nth layer, and a, be the reflection coefficient of molecules striking the n-1st layer. For simplicity we shall assume that each elementary space can hold only one molecule. The problem is then identical with that considered under Case I \ ' . Equations 2 2 , 23 and 24 are applicable without alteration and the solution of the problem is thus given by Equation 26 . In Case -IV, however, all except the first few of the coefficients, ul, uz, etc., were equal to zero, while in the present problem the higher coefficients would tend to be equal t o each other but different from zero. Both numerator and denominator of Equation 26 then become infinite series. We should expect the relative life, 01, of molecules in the first layer to be very different from that in the second and subsequent layers. There may be a small difference between u2 and PJ, but as the number of layers increases still further the values of C T should remain practically constant.
By 
If ul, u2, u3, etc., are equal, all the coefficients in (29) after a are zero. If ul and u2 are different, but all subsequent values of u(i. e., u3, u4, etc.) are equal to u2, then all the coefficients in (29) after b are zero. Equation 29 thus takes a very simple form and shows that at very low pressures q is proportional to p, but a t pressures close to saturation q bkgins to increase rapidly and becomes infinite when saturation is reached.
Discussion of Theoretical Results.
is satisfactorily applicable to adsorption in general. used the following equation to express the relation between q, the quantity of adsorbed gas, and p , the pressure, n being a constant greater than unity. As a matter of fact this equation agrees very poorly with experiment when the range of pressures is large. An examination of the data presented by Freundlich shows that for low pressures or high temperatures 11n approaches unity while at high pressures or low temperatures I / n often becomes as small as 0.1.
These facts are readily explained on the basis of the theory given in the present paper. At low pressures or at high temperatures, ulp becomes very small, so that in Equation 9 this term in the denominator may be neglected compared to unity. The amount of adsorbed gas q thus varies in proportion to the pressure ( p ) , which is equivalent to saying that I / n in Freundlich's equation is equal to unity. At high pressures or low temperatures the amount of adsorbed gas, according to Equation 9, tends to reach a limiting value (saturation). As this limit is approached the value of I / n in Freundlich's equation must gradually decrease. As is to be expected, however, Equation 9 does not give quantitative agreement with experimental data on adsorption by porous bodies. The transition from the part of the curve where q is proportional t o p, to the part where q is constant, takes place over much too small a range of pressures. When we take into account, as was done in Cases I1 and 111, any lack of homogeneity of the surface, we obtain Equations 19 and 2 I , in which the
(30)
As far as I am aware no single equation has as yet been proposed which Freundlich' has
transition takes place as gradually as desired. It is true that these equations are inconvenient to use in practice, but this fact should not be used as an argument that they do not actually represent the facts. It must be remembered that the phenomeaa of adsorption by porous bodies are inherently I-ery complex and that we should not expect them to be represented by a simple formula. Experimental evidence that atomic adsorption (Case V) actually occurs and is of great importance in chemical reactions has been discussed at some length in "Part I," pages 2287 to 2296. EXPERIMENTAL PART.
I. Experiments with Mica.-Large pieces of high grade muscovite were split to a thickness of about 0.04 mm., rejecting all pieces which showed any fissures. The outside pieces were discarded and the others were never touched except by forceps or by the edges. The mica was cut into strips and done up in bundles by brass paper fasteners, the individual pieces of mica being separated by narrow strips of thin sheet iron placed near their ends. The iron had been thoroughly cleaned by heating to a bright red heat in pure dry hydrogen. The total surface of the mica was 5750 sq. cm. and that of the iron 310 sq. cm. ; the weight of the mica was 24.3 g.; the iron 31.3, the brass 3 . I g.
The bundles of mica were placed in a glass tube 4 cm. in diameter by I O cm. long. , 4 similar tube was used as a blank; it contained no mica, but contained the same amount of iron and brass as did the tube with the mica. Both tubes were connected by tubing, 2 . 5 cm. in diameter, through traps kept continuously immersed in liquid air and through mercury seals, to a McLeod gauge. There was provision for exhausting the tubes or the gauge by a glass condensation pump. The gases delivered by this pump were collected in a system "C" of known volume where the pressure could be measured by a second McLeod gauge. A bypass allowed the gas to be returned at will back to the part of the system "B" connected to the bulb containing the mica. All joints were of sealed glass and there were no stopcocks, only mercury seals being used. The volumes of all parts of the system were carefully measured before assembling. From the foregoing description it is seen that the system was divided into three parts: A, the bulb containing the mica, together with the liquid air trap; B, the part connected to the first McLeod gauge, and C, the part into which gas was delivered by the condensation pump. The blank bulb w i l l be referred to as A'. The volumes of the parts were: A = 593 cc.; A' = 628 cc.; B = 7 2 2 cc.; C = 1138 cc.
Two methods were used in measuring the amount of gas adsorbed by the mica.
Methud I.-A and B were exhausted, A was then closed and the gas was allowed to enter B. From the observed pressure the amount of gas in B was calculated. Thee gas was then allowed to expand into A, and the pressure was again noted. From this pressure and the volume of A + B the amount of gas in the space was calculated. The difference between this amount and that previously found in B alone gave the amount of gas adsorbed on the mica. A was again closed and B was pumped out. The gas was allowed to expand into B and the pressure was noted. The amount of gas in A + B was then greater than that previously in A.
The difference gave the amount of adsorbed gas which had been released from the mica by the lowering of pressure. In this manner the amount of gas absorbed at two pressures was obtained.
Method II.-A and B were filled with gas at a pressure usually as high as the McLeod gauge would read, and the pressure was recorded. The amounts of gas adsorbed in A were not always known. B and C were then well exhausted and each part closed off. The gas was allowed to expand from A to B and from the pressure the amount of gas released from the mica was calculated. Then A was closed off and the gas in B
was pumped into C. The gas in A was again allowed to expand into B and the released gas determined. This process could be repeated as often as desired. Finally, all the gas from A and B was pumped over into C, where it was measured. In this way the total amount of gas originally introduced into A was found. To save time, gas was sometimes pumped from B over to C without closing A; the amounts of gas thus removed could always be determined by noting the pressure changes in C.
In making the calculations no corrections were made for adsorption of gas by the walls of the apparatus as previous experience had demonstrated that the adsorption a t room temperature was wholly negligible.
When the bulbs A and A' were cooled by liquid air or solid ether it was necessary to correct for the decrease in pressure caused by this cooling. Complications were produced by the fact that when differences of temperature exist, the pressures in different parts of the system are different, At very low pressures these pressures are proportional to the square roots of the absolute temperatures. This effect, known as thermal effusion, which has been described in detail by Knudsen,' is very important a t low pressures; it begins to be important when the mean free path of the gas molecules becomes comparable with the diameter of the tubing used. To determine this correction experiments were made with the blank bulb, using hydrogen a t various pressures from 5 bars to 100 bars.
The system A + B was filled with hydrogen a t the given pressure. By cooling the bulb A in liquid air the pressure in A + B decreased in a definite ratio. At different pressures different ratios were obtained. At Knudsen, Ann. PLySik, 31, 205 (1910) . j bars' pressure and below the ratio was cmstant and agreed with the theory that the pressure in the bulb and in B varied in proportion to the square root of the temperature. .it 60 bars' pressure and above the ratio was again constant and the results indicated that the pressures in A and B were equal. The transition curve between these two ratios was plotted as a function of the pressure. Curves for other gases than hydrogen were then prepared from this on the assumption that the ratios for different gases would be the same for pressures a t which the free paths of the molecules were equal. 'l'he fact that a t both high and low pressures the ratios found with hydrogen agreed Tvell with calculated ratios proved that there was no measurable adsorption of hydrogen by glass or mica even at liquid air temperatures. 'l'he usc of hydrogen for calibration purposes was thus justified.
Prelilnanary Tests.--Refore obtaining the correction curves just referred to, some experiments were undertaken to see if any adsorption by the mica could be detected a t room temperature without previously heating the mica to drive off adsorbed moisture, etc. Nitrogen, hydrogen, oxygen and carbon dioxide, a t pressure of about 10 bars, were tried, using Method I, but in no case was any appreciable adsorption noted. Both with the bulb containing the mica and with the blank bulb, the quantities of gas in X + B checked within one or two per cent. with those in B before
The bulbs -1 and A' were then thoroughly baked out to drive off gases. Bulb A, containing the mica, was heated for 3 hours to about 3o0°, the maximum temperature being 304') while bulb A' was heated 4 hours to a maximum temperature of 3 1 2 ' . Until near the end of the time of heating, there wa5 no liquid air on the trap near A, but it was used on an appendix attached to the system C. The moisture and carbon dioxide were thus collected in a small volume. By sealing off this appendix by a mercury seal and removing the liquid air the quantity of moisture plus carbon dioxide was measured. The appendix was then cooled to --78 O and the carbon dioxide, without the water vapor, was allowed to expand into C , where its pressure was measured. The other gases evolved from the bulbs X and A' were transferred by a Topler pump from C into a miniature gas analysis apparatus, where they were mixed with an excess of oxygen and burned in contact with a platinum wire. The contraction in volume and the amount of carbon dioxide found by the combustion gave the data by which the amount of hydrogen, carbon monoxide and nitrogen were determined.
The total gases evolved from the bulbs and contents are given in Table   I . The carbon monoxide was undoubtedly given off by the iron strips used as spacers. The water vapor given off by the blank bulb is about what is usually obtained from a glass surface of this area. The inside sur-was opened.
face of the bulb was 340 sq. cm., so that about I . 3 cubic mm. of water vapor was given off by each sq. cm. of surface. Previous experiments with lamp bulbs' had given I .o cu. mm. per sq. cm. at 2 0 0 ' ; I . 5 a t 350'; and 2.2 at 450'. The I .3 cu. mm. per sq. cm. corresponds to 33 X 1 0~5 molecules per sq. cm., assuming closely packed cubical molecules of the same density as liquid water. It has already been pointed out (Part I, p. 2284) that these large quantities of water are to be regarded as dissolved by the glass rather than adsorbed by it. The difTerence between the 925 cu. mm. given off by A and the 432 given off by A' represents the moisture given off by the 5750 sq. cm. of mica. This corresponds to 0.086 cu. mm. per sq. cm. or 2.1 X 1015 molecules per sq. cm., and represents a layer of adsorbed water two molecules deep.
When it is remembered that mica contains about 18% of combined water, it is remarkable that no larger part escapes during prolonged heating to 300'.
It is probable that mica cleaves along planes containing combined water molecules, so that the freshly prepared surfaces are covered by a single layer of water molecules, but these form a very intimate part of the surface structure only given off with difficulty on heating. This surface in contact with moist air may then adsorb a second layer of water molecules which would be held very much more loosely. It would be interesting to determine whether the moisture is in fact given off in two steps while the temperature is gradually raised.
The difference between the amount of carbon dioxide given off by A and by A' represents 0.024 cu. mm per sq. cm. of mica or 0.59 X 1015 molecules per sq. cm. The number of molecules of COz required to form a monomolecular layer is about 0.77 X 1 0~5 . It thus appears that the total gas given off by the mica corresponds to a double layer of water molecules and a single layer of carbon dioxide molecules. The amounts of nitrogen given off were comparatively negligible. After baking out the bulb, experiments on adsorption at room temperature were continued. Nitrogen was first tried but no adsorption could be Upon attempting to measure the adsorption of oxygen a remarkable irreversible disappearance of oxygen with the bulb A at room temp'erature was noted. Langmuir, Trans. Am. Inst. Elec. Eng., 32, 1921 ( 1 9 1 3 ) , and "Part I," p. 2283.
lRVING LANGMUIR.
The oxygen in B was allowed to expand into A + B at a pressure of about 11 bars. Within one minute the amount of the oxygen had fallen from 13.8 to 7 . 4 cu. mm. ; in two minutes to 5 . 7 ; in 3 minutes to 4.6;
in 5 minutes to 3 . I ; in I o minutes to I . g ; and in 20 minutes to I . I . About an hour later 41, o cu. mm. more of oxygen was introduced. In one minute the amount of oxygen had decreased to 39.5 ; in two minutes to 37.6; in 5 minutes to 34. g ; in IO minutes to 30. g ; in 20 minutes to 2 7 . I ; in 4 j minutes to 22.6, and in I j hours to 6.2. After this fresh quantities of oxygen showed no signs of disappearing. Heating the bulb to 300' did not cause the oxygen to be given up again. This effect was undoubtedly due to the presence of the iron strips. The total amount of oxygen which disappeared was 47. j cu. mm., corresponding to 0.15 cu. mm. per sq. cm. of iron surface, or to 3 . 8 X 1015 molecules per sq. cm., enough oxygen to give a layer several molecules deep. It is remarkable that the iron was capable of taking up this oxygen at room temperature, after having been heated to 300' for 4 hours, even although it had previously been exposed to the air for several days. A possible explanation seemed to be that the oxygen was used to oxidize carbon monoxide from the iron. The liquid air on the trap was therefore replaced by solid carbon dioxide (-78') but only 8 cu. mm. of carbon dioxide was released, proving that only a small fraction, if any, of the oxygen had been consumed by reacting with carbon monoxide.
The data given above show that 6 or 7 cu. mm. of oxygen disappeared during the first minute, but that thereafter the rate was about one cu. mm. per min. This seems to indicate that oxygen enough to form a monomolecular layer (probably about 5-8 cu. mm.) reacted with the iron practically instantaneously, but that the reaction then proceeded much slower, time being required for the oxygen to penetrate into the surface film formed. That the reaction should not cease with the formation of a monomolecular layer is not surprising, for at somewhat higher temperatures we know that the oxidation of iron continues until the relatively very thick, iridescent films are formed.
A4ccording to this interpretation of the results, the sudden disappearance of the first 6 to 7 cu. mm. of oxygen corresponds to an adsorption, while the slow disappearance of the additional quantity was due to absorption. The strong affinity between iron and oxygen, however, made the action wholly irreversible, so that the oxygen could neither be removed by pumping nor driven off by heating.'
Adsorption Experiments with the Bulb Cooled by Liquid Air.-Be-1 Unfortunately oxygen was accidentally introduced into bulb A' without measuring it, so that this absorption of oxygen could not be studied with the blank. I n several other experiments in this laboratory I have had similar experiences with bulbs containing iron, so that I feel confident that the explanation here given is the correct one. cause of the poor conduction of heat through gases at very low pressures and the small amount of radiation at low temperatures, the mica in bulb A did not reach temperature equilibrium 'for about an hour. Thus, if the bulb was immersed in liquid air just prior to the introduction of a gas the pressure continued to decrease for about an hour, but if the liquid air was applied several hours before introducing the gas the equilibrium was reached very much more rapidly. I n one typical experiment in which the bulb had been kept cold several hours, there was 1 0 4 . 5 cu. mm. of nitrogen in B. After opening A, the following observations of the total quantity of free gas in A + B were made: one minute, 8 7 . 0 cu. mm.; two minutes, 8 4 . 7 ; 4 minutes, 8 1 . o ; 7 minutes, 7 6 . 7 ; IO minutes, 7 4 . 0 ; 13 minutes, 7 2 . 8 ; 18 minutes, 7 1 . 7 ; 23 minutes, 7 1 . 5 . The equilibrium was reached much more quickly with bulb A'. It is probable that the true adsorption takes place extremely rapidly, but that the rate of disappearance of the gas in these experiments was determined by the slow diffusion of the gas (especially at low pressures) through the spaces between the mica strips. After exhausting B and allowing the gas in A and adsorbed on the mica, to expand into B, the pressure in B always increased to its final value within less than 3 0 seconds. To reduce as far as possible the time necessary to reach equilibrium, the bulb A or A' being experimented with, was kept cooled by liquid air continuously night and day during the course of the experiments.
The following will serve as an example of a measurement of adsorption in bulb A cooled by liquid air (see Table VIII ). The parts A and B were exhausted to good vacuum (0.02 bar), A was sealed off and pure methane was introduced into B to a pressure of I j 7 bars, representing I 1 2 . o cu. mm. of gas. The bulb A was then opened and the pressure fell in the course of about 15 minutes to 1 3 . 4 bars, representing a total oi 2 7 . 0 cu. mm. of free gas in A + B. The difference between I 1 2 and 27 or 85 represents the amount of gas adsorbed in A. The bulb A was now sealed off while B was exhausted. The free gas in A amounted to 1 7 . 4 cu. mm. When A was opened the-pressure in B immediately rose to 1 1 . I bars, representing 2 2 . o cu. mm. The difference between 2 2 . o and 1 7 . 4 , or 4 . 6 cu. mm., is the amount of adsorbed gas released from A when the pressure was lowered from 1 3 . 4 to I I . I bars. The results of this experiment therefore indicate that 8 5 . o cu. mm. was adsorbed a t 1 3 . 4 bars and that 8 0 . 4 cu. mm. uere adsorbed a t I I . I bars.
A summary of all the results obtained with the bulbs A and A', cooled by liquid air, is given in the following tables.
The columns headed p give the pressures in bars, while the observed amount of gas adsorbed (in cu. mm. at 20' and 760 mm. pressure) is given under q o b r - 'FABLE An examination of these data shows that the adsorption increases with the pressure a t first nearly linearly, but at higher pressures seems to approach saturation. Since we are dealing with plane crystal surfaces and with gases far below saturation, it is of interest to see if the formulas developed for simple adsorption (Case I) apply to these data. Inspection of Equation g shows that in this case q and p in Tables I1 to IX Tables VI1 and VI11 shows that qcal agrees with qobs. within experimental error, indicating that the adsorption takes place according to Equations 31 and 9. The data do not, however, agree a t all well with Freundlich's adsorption formula. When the data, given for example, in Table VII , are plotted on logarithmic paper the points lie along a curved line. At the lowest pressures (3 bars) the slope of this line corresponds to an exponent 0.684 while at the highest pressures ( 1 0 0 bars) the exponent decreases to 0 . 2 0 . Drawing a straight line as nearly as possible through the points leads to the equation q F = 8.4 pO.*". The last two columns of Table VI1 show that the agreement with the experimental results is very poor. The data in the other tables fit in equally badly with the observed values.
In Table IX , where there is a much greater range of pressures, the agreement between qobs and qcnl (Col. 4) is much less satisfactory. It was therefore attempted to express the results in terms of Equation 19 (Case 11) using only two terms. By a somewhat laborious method of trial the constants al = o .~g , b, = 8 3 . 2 , a2 = o.0181, and bz = 3 5 . 4 , were found to give best agreement. The last two columns of Table I X give the results calculated in this manner. The results appear to lie within the experimental error. The observed value of q corresponding to the pressure 1 2 . 8 is undoubtedly in error, as it cannot be made to fit into a smooth curve with the other data.
The data obtained with the blank bulb were rather meager. Except in the case of nitrogen (Table 11 ) the amount of adsorption by the blank bulb does not exceed I O or 20% of that in the bulb containing the mica. With nitrogen the fraction was about one-third. No attempt was made to subtract the adsorption in the blank from that in the other bulb in order to obtain the adsorption by the mica itself as the accuracy of the results hardly warrants such a calculation. ,The results therefore obtained from bulb A are to be considered as being I O to 30% too high.
The results obtained with the same gas at different times, as for example with nitrogen in Tables I1 and VII, and with methane in Tables 111,  VI11 and IX, do not agree very well with each other. It islikely that this variation may be due to the rise in the temperature of the liquid air as the nitrogen gradually boils out and leaves the oxygen. No record was kept of these temperature changes.
Adsorption with the Bulb Cooled by Frozen Ether.-Some data were obtained with the bulb A cooled by frozen ether ( I 55 ' K.) , These are given in Tables X and XI. No measurements were made with bulb A' at this temperature. The amount of adsorption at this temperature was from 5 to 20% of that observed with the same gas a t the lower temperature. Por this reason the experimental errors are relatively greater. 16.9 13.8 9 . 2 6 . 3
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0.0 f 0 . 9 11. Experiments with G1ass.-Nearly zoo microscope cover glasses 2 . 5 em. in diameter and 0.14 mm. thick furnished the adsorbing surface for this experiment. The glasses were separately slightly bent by mornentarily heating in a gas flame so that they would not pack together when placed loosely into the bulb. The totaf surface of the glasses used was 1966 sq. cm. and their volume was 13.6 cu. cm. They were placed in a bulb (A) 15 cm. long and 3.6 cm. inside diameter having a volume of 164 cc. Another similar bulb (A') (volume 152 cc.) was used as a blank. These bulbs were connected to the same vacuum system as used in the experiments with mica, but to reduce the uncertainty in the volume cooled by liquid air, the tube connecting the bulb to the system was made I. z cm. instead of 2 . 5 cm. in diameter, and similar reduction was made in the dimensions of the liquid air traps. These changes considerably increased the accuracy of the results. The bulbs, cover glasses and liquid air traps were thoroughly cleaned before sealing to the vacuum system by heating with conc. sulfuric acid and potassium bichromate and washing well with distilled water.
Great care was taken in calibrating the apparatus with the bulbs and traps cooled to different temperatures. Ir was thought that some errors might be caused by a diffusion pump effect, owing to mercury vapor passing from the mercury seals into the liquid air trap. This might cause the pressure in the bulbs to be somewhat greater than indicated by the gauge. Experiments were therefore undertaken at a wide range of pressures, cooling the traps by ice. The diffusion pump effect was found to be negligible at pressures above IO bars and a t lower pressures the maximum error produced was not over a few per cent. These small corrections were applied in calculating the amounts of gas adsorbed.
On baking out bulbs A and A' at 300' for one hour the quantities of gas given in Table XI1 were evolved. The "non-condensable" gas was probably all nitrogen, as previous experience had shown that nitrogen is the only 'Inon-condensable" gas given off in heating glass. The inside surface of bulb A' was about 180 sq. cm., so the amounts of gas given off from this bulb per sq. cm. were 0.68 cu. mm. of water vapor, 0. IO of carbon dioxide, and 0.07 of nitrogen. These quantities are less than those found with the blank bulk in the experiments with mica. The shorter time of heating accounts for the M e rence.
The amount of gas given off by the cover glasses per sq. cm. corresponds to 0.18 cu. mm. of water vapor (4.5 X 1 0~6 ) molecules; 0.032 of carbon dioxide (0.81 X 1015 molecules); and 0.025 of nitrogen (0.63 X 1o16 molecules). These amounts correspond to the following number of layers of molecules: 4 . 5 for water vapor, I .os for carbon dioxide, and 0 . 9 for nitrogen. The previous heating of tbe glass for bendingprobably accounts for the relatively low values for water vapor. It should be noted that the amounts of nitrogen and carbon dioxide correspond to monomolecular layers of these gases.
Experiments were undertaken to detect adsorption of various gases with bulbs A and A' a t room temperature and at pressures ranging from 30 to I I O bars. Witb hydrogen, nitrogen, carbon monoxide, argon and methane no adsorption could be observed, that is, the adsorption was less than 0.5 cu. mm. when IOO cu. mm. of gas was admitted to bulb A. With carbon dioxide, however (using solid ether on the trap), about I .o CU. mm. of gas was apparently adsorbed in bulb A at a pressure of IIO bars.
The results obtained with bulbs A and A' immersed in liquid air are given in Tables XIV to XVII. It is seen that the adsorption observed with ---------P . ' Table XI11 indicate that the adsorption of carbon monoxide occurs in two stages. At pressures lower than those used in the experiment ( I . 4 bars), a part of the surface becomes saturated with 6.6 cu. mm. of gas. Over the range of pressures used, adsorption then proceeds in a normal manner and the rest of the surface tends to become saturated at the highest pressures by taking up an additional 16.2 cu. mm. of gas. It should be noted that at the end of this experiment all the gas was pumped from the systems A and B into C. The total volume of the gas then in C was 5 . 3 cu. mm. less than the amount originally let into the system. It appears, therefore, that some carbon monoxide is so strongly adsorbed on glass surfaces (or possibly by the mercury of the condensation pump) that it cannot readily be removed by pumping. A similar phenomenon, although much less strongly marked, was observed in the adsorption of methane, Table XVI . .In this case 2.0 cu. mm. was strongly adsorbed a t pressures below I .9 bars, while a t high pressures 22.4 cu. mm. more was needed to saturate the surface. The data obtained on adsorption by glass agrees with Equations 31 and 33 within the experimental error. The magnitude of these errors is shown by the results with the bulb A'. In some cases negative values for the adsorption were obtained, the largest negative value being ---o. 7 cu. mm. where M is the molecular weight of the gas and 1 ' is the temperature a t which the adsorption takes place. From Equations 37 and 38 the coefficients A-o and u can be directly calculated from the experimental data on b and a. Tables XVIII, XIX and XX give a summary of the results. The values of b given in previous tables have here been calculated over to the basis of cu. mm. of gas per sq. meter of surface in order to make the results for mica and glass comparable. In other words, the values of b' are equal to bls.
Discussion of Results
As a test for the correctness of our theory of adsorption it is of especial interest to compare the values of i'io in these tables with the number of molecules required to cover the surface with a single layer. In the first place, it should be noted that the order of magnitude of the values of No is in good agreement with that of the number of elementary spaces on the surfaces of solids. Thus, if the average distance between atoms is 3 X 1 0 -8 em. the area covered by each is about g X 1 0 -l~ sq. cm. and the number of atoms per sq. cm. is about 1 0~5 . The first values correspond to a1 and bl while the second correspond to aa and be. The approximate number of molecules needed to form a monomolecular layer may be estimated from the density of the adsorbed substance in the liquid state. Thus, the "molecular volume" of liquid nitrogen is 3 5 . 5 cu. cm. Dividing this by N = 6.06 X IO^^, and taking the cubic root, gives for the diameter of the molecule (assumed cubical) the value 3.88 X IO-^ cm. The number per sq. cm. is therefore 0.66 X 1 0~~. In a similar way we obtain for methane, 0.63 X 1 0~5 ; for carbon monoxide, 0.66 X 10'~; for argon and oxygen, 0.77 X 10'~; and for carbon dioxide, 0.61 X 1015.
Gas.
The observed values of No are all less than these calculated results. The ratios between No and the numbers of molecules in a monomolecular layer as given above, are given under the heading fl in the last column in Tables XVIII, XIX and XX. This ratio represents the fraction of the saturated solid surface covered by adsorbed molecules on the assumption that the size of the adsorbed molecules is the same as that in the liquefied gas. These experiments therefore prove that even with saturated surfaces of mica and glass the amounts of gas adsorbed are always less than the amounts needed to form a monomolecular layer. In this connection it should also be remembered that the results given for the adsorption by mica are somewhat too high, since they were not corrected for the adsorption by the blank bulb.
The fact that P is so variable and so much less than unity suggests that the adsorption of most of these gases does not occur over the whole surface, but only where the arrangement of the surface atoms is such as to give particularly strong stray fields of force. The adsorption thus takes place in the manner discussed under Case I1 or Case 111, but over a large part of the surface the value of u is so small as to be negligible under the conditions of these experiments.
If we arrange the gases in order, according to the amounts required to saturate the surface, as indicated by b', No or 0 we find that this order is the same in all three sets of experiments, namely, methane, carbon monoxide, nitrogen, argon and oxygen-methane being the most and oxygen the least adsorbed. The order of the boiling points of these gases is methane, oxygen, argon, carbon monoxide and nitrogen. The high boiling point of methane is probably related to the large values of /3 for this gas. Carbon monoxide, however, is much more strongly adsorbed and oxygen much less adsorbed than would be expected from their boiling points. I t seems that the unsaturated carbon atom of the carbon monoxide plays an important part in the adsorption of this gas. The small adsorption of oxygen is perhaps due to the surface of mica and glass being covered with chemically saturated oxygen atoms. The chemical inertness of argon as compared to nitrogen also seems to play a part in the relative adsorption of these gases.
An inspection of the tables shows that the values of a or u are much more erratic than those of b or LVo. The order in the different tables is different and they bear little relationship to other properties of the gases. In fact even in experiments with the same gas, variable results for a were obtained. I t is probable that the rate of evaporation of the molecules, on which a and u are dependent, is very sensitive to slight changes, in the arrangement of the surface atoms of the solid such as may be caused by temperature changes or the previous adsorption of the gases. Effects of this kind were frequently observed (not published) during the course of experiments on the evaporation and condensation of cadmium on glass surfaces.
It is of interest to compare the "relative lives" u in the tables, with the values of u corresponding to the evaporation of gas from the liquefied gas a t the same temperature. For a liquid in equilibrium with its saturated vapor an equation analogous to Equation 4 must hold, namely where a p is the rate of condensation and v is the rate of evaporation. As before, we may place u/v = u, so that the equation reduces to u /I = I . The value of u may thus be calculated by Equation 3 from the vapor pressure of theliquefied gas at the temperature of the experiment. Table  XXI gives the results for the different gases at goo and 155 The values of u give the time in seconds required for the evaporation Comparing these results with the of one gram molecule per sq. cm. "relative lives" of the adsorbed molecules on the mica and glass surfaces, we see that the latter are many thousands or even millions of times greater. The ratio between the two lives are summarized in Table XXII . .....
The forces involved in the adsorption of these gases are thus very much more intense than those holding the molecules of the liquids together. This increase is most marked in the cases of carbon monoxide and nitrogen, and least marked with carbon dioxide and methane.
111.
Experiments with Platinum.-The platinum used in these experiments was a piece of pure platinum foil 15.3 X IO. 2 cm. with a thickness of 0.0010 cm. The weight was 4.03 g. and the total surface 312 sq. cm. The platinum foil was cleaned by heating to a bright red heat for several minutes in a Bunsen,flame, boiling in hydrochloric acid, and finally washing thoroughly in distilled water. The sheet was folded or crimped so that it could be placed in a tube I. 8 cm. inside diameter without providing capillary spaces due to contacts between different parts of the platinum surface. A similar glass tube (volume 3 0 cu. cm.) without platinum served as a blank. The vacuum system was the same as in the experiments with glass.
After exhausting the bulb and drying the system for 24 hours by cooling an appendix in liquid air, the bulb containing the platinum was baked out for one hour a t 350' with the condensation pump operating continuously. This heating caused the evolution of 1 8 . 3 cu. mm. of hydrogen, 5 . 8 of carbon monoxide, 1 7 . 7 of carbon dioxide, 92 of water vapor and I . 2 of some noncondensable gas probably mostly nitrogen. A similar heating of the blank bulb gave only 55 cu. nun. of water vapor, 4.6 cu. mm. of carbon dioxide and 0 . 5 cu. mm. of nitrogen. The smaller amounts of water vapor and carbon dioxide given off from this bulb are probably to be accounted for by the fact that the blank bulb before baking out was dried at room temperature several days by a trap cooled in liquid air. The combustible gases hydrogen and carbon monoxide must have come entirely from the platinum. The volume of these gases, however, is only about one-tenth of the volume of the platinum.
In the first tests to measure adsorption it was found that the quantities of gas adsorbed were negligibly small, never more than a few tenths of a cu. mm. The gases tried were hydrogen, oxygen and carbon monoxide, with the bulb a t room temperature and also cooled by liquid air. Since the calculated amounts of these gases required to form a monomolecular layer over the surface oi the platinum range from 8 to IO cu. mm., the amount of adsorption by this platinum foil was much less than that observed with either mica or glass.
Hydrogen ( I I I cu. mni.) and oxygen (102 cu. mm.) were now introduced together into the system (pressure 120 bars). At room temperature and a t liquid air temperatures no adsorption and no reaction between the gases were noted, but when the bulb with the platinum was heated to 130' the gases slowly reacted to form water vapor, wbich condensed in the liquid air trap. At 240' the reaction became very rapid and continued until within fifteen minutes, the total volume of gas had decreased to I . 6 cu. mm. Not only had all the hydrogen reacted with the oxygen, but the excess of 46 cu. mm. of oxygen had also disappeared. It is probable that this oxygen reacted with hydrogen and carbon monoxide dissolved in the platinurn which had not been removed by baking out a t 350" in vacuum. With the bulb a t 2;j0, hydrogen was now admitted. In the course of a few minutes 3 . I cu. mm. disappeared, but continued heating caused no further disappearance. After pumping out the hydrogen, oxygen was admitted with the bulb a t the same temperature. About 4 . o cu. mm. oi this gas disappeared. A mixture of 106 cu. mm. of oxygen with 93 of carbon monoxide was then admitted with the bulb a t room temperature. This mixture contained an excess of 59 cu. mm. of oxygen above that necessary to react with the monoxide. Although carbon monoxide and oxygen usually require a higher temperature than hydrogen-oxygen before reaction begins, the platinum now caused these gases to react slowly a t room temperature, the amount of gas decreasing from 2 0 0 to I 57 cu. mm. in half an hour. Upon heating to z j o o the reaction continued more rapidly until only 39 cu. mm. of oxygen remained. This indicates that besides the oxygen which reacted with the carbon monoxide an additional quantity of 2 0 cu. mm. reacted with something from the platinum. This treatment lasting several hours, seemed, howevrr, to have removed nearly the last of this oxidizable substance from the platinum.
The platinum was now found to be in a permanently active condition towards oxygen-hydrogen, as well as towards oxygen-carbon monoxide. That is, it caused the catalytic combination of these gases even at room temperature. The activation had been brought about, as in many other similar experiments in this laboratory, by heating the platinum with a rnixtzlre of hydrogen and oxygen. Heating in either gas done does not cause activation It is also remarkable that the oxygen does not react with the oxidizable impurity in the platinum until after the activation of the platinum. The next experiment showed that the quantities of oxygen and carbon monoxide which disappeared when these gases were brought into contact with the platinum were not in stoichiometric ratio, but depended on the previous history of the platinum. Thus, if the platinum had previously been in contact with the oxygen an abnormally large amount of carbon monoxide disappeared when a mixture of the gases was introduced into the bulb. Similarly, after an excess of carbon monoxide had been used, there was an abnormal disappearance of oxygen. These phenomena are illustrated by the data given in Table XXIII , which were obtained with the bulb at 200'. Prior to Run I the platinum had been in presence of an excess of oxygen. In the first run a mixture of gas consisting of 63.2 cu. mm. of carbon monoxide with 14.4 of oxygen was prepared in the part of the system denoted by B. This mixture may be looked upon as consisting of 43.2 of a mixture of equivalent parts of carbon monoxide and oxygen, together with an excess of 34.4 of carbon monoxide. When the bulb A was opened the gas immediately began to disappear, fully half of it going within the first minute, although about 2 0 minutes was needed for the pressure to become steady. There remained only 19.0 cu. mm. of carbon monoxide. There was thus an abnormal disappearance of 15.4 cu. mm. of carbon monoxide. In the second run an excess of carbon monoxide was again used, but this time practically the whole of the excess of carbon monoxide remained. In the next two runs (3 and 4) the mixtures contained an excess of oxygen. In the first of these runs there mas an abnormal disappearance of 8.6 cu. mm. of oxygen, but practically none in the second run. In the fifth run no oxygen was added. The 6 cu. mm. of carbon monoxide disappeared completely. Judging from the first run, a much larger quantity would have disappeared if it had been present, These results prove that either gas, added in excess, becomes adsorbed on the platinum and subsequently reacts with the other gas when brought into contact with it. For example, the abnormal disappearance of I j . 4 cu. mm. of carbon monoxide in the first run may be explained by assuming that part of this gas reacted with oxygen previously adsorbed and that another part became adsorbed on the platinum in place of the oxygen thus removed. To determine the actual amounts of oxygen and carbon monoxide required additional information. A series of runs was therefore made in which the amount of carbon dioxide formed by the reaction was measured. As the previous runs had shown that it was unnecessary to have oxygen and carbon monoxide present together in order to observe these adsorption phenomena, it was decided to introduce the gases alternately to the bulb containing the platinum. The results of these experiments are summarized in Table XXIV . As an explanation of the meaning of the data given in the table, let us consider the first two runs in more detail. Just prior to Run I the platinum had been in contact with an excess of oxygen a t 200'. While the bulb was maintained at this temperature it was well exhausted and the liquid air was removed from the trap to re-lease all condensed carbon monoxide. After replacing the liquid air, carbon monoxide (35. g cu. mm., Col. 4) was introduced. The pressure began to decrease immediately and in a few minutes the quantity of gas had decreased to 20.3 cu. mm. This contraction of 15.6 cu. mm. (Col 5 ) indicated a disappearance of this quantity of carbon monoxide, This residue was then pumped out and the liquid air was again removed from the trap. The carbon dioxide (11 . z cu. mm., Col. 6) which was thus released and measured, was produced by the combustion of j . 6 cu. mm. oxygen (Col. 7 ) adsorbed on the platinum, together with I I . 2 out of the 15.6 cu. mm. of carbon monoxide which disappeared. The remainder of the carbon monoxide, namely 4 . 4 cu. mm. (Col. 8), was presumably adsorbed on the platinum.
In the second run 30 .o cu. mm. of oxygen was introduced. The contraction was 8 . 5 cu. mm. and 3 . g cu. mm. of carbon dioxide were formed. This carbon dioxide must have been produced by the reaction of I .95 cu. mm. of oxygen with 3 . g cu. mm. of carbon monoxide (Col. 8) adsorbed on the platinum. The remainder of the 8 . 5 cu. mm. of oxygen which disappeared, namely 6 . 6 cu. mm. (Col. 7 ) , was presumably adsorbed by the platinum.
The 4 . 4 cu. mm. of carbon monoxide (Col. 8) adsorbed in Run I and the 3 . g cu. mm. found in Run z should agree except for a possible loss of adsorbed gas from the platinum while the bulb is being exhausted prior to the succeeding run. The corresponding pairs of values are indicated by brackets and the corresponding differences are given in Col. IO. An examination of the table shows that in every case the second value is lower than the first, indicating that a small fraction of the carbon monoxide actually escapes in this manner, especially when the platinum is a t the highest temperatures. This conclusion waS also confirmed by later direct observations.
In a similar way, the values for the amounts of oxygen adsorbed occur in pairs as indicated by brackets. In this case also, with one exception, the first value is larger than the second. Subsequent experiments have shown that adsorbed oxygen cannot be driven off the platinum by heating to 330'~ so this loss of oxygen cannot be due to this cause. It is more probable that a trace of the oxidizable matter (probably hydrogen) still remained in the platinum and that part of this reacted with oxygen. This conclusion is supported by the fact that the loss (Col. 9 ) was much greater at 330' than a t zooo and was negligible a t roo' and a t 20'.
A comparison of Tables XXIII and XXIV shows that the "abnormal disappearance" of oxygen and carbon monoxide due to adsorption is in no wise dependent on the presence of both gases. Thus, in mm. of carbon monoxide and 8 j cu. mm. of oxygen as the disappearance at the same temperature. From these results the amounts of gas adsorbed by the platinum (not removable by exhausting) were as given in Table XXT -. The number of molecules adsorbed per sq. cm. of surface, tabulated in the columns headed N o , is thus somewhat greater than the number adsorbed by mica and glass (see Tables XVIII, XIX and XX), but still never exceeds the amounts corresponding to a layer of tightly packed molecules.
The results of Table XXV indicate that the amounts of oxygen adsorbed increase as the temperature increases, while with carbon monoxide the adsorption decreases at the higher temperatures. To throw more light on these efiects of temperature and also to see whether, under other conditions, greater quantities of gas could not be adsorbed, another series of experiments was undertaken. To remove all traces of oxygen and carbon dioxide from the platinum, it was heated and exhausted at 360' and an excess of carbon monoxide was introduced. After the bulb was codled to room temperature the excess of carbon monoxide was pumped out. No appreciable amount of carbon monoxide came off the platinum while pumping. However, by heating the bulb to 360°, 4 . 8 cu. mm. of carbon monoxide mas driven off and by continued pumping for an hour with the bulb at this temperature another 0. g cu. mm. was obtained. The platinum still retained about I . 2 cu. mm. of carbon monoxide, for when oxygen was introduced some of this disappeared and I . 2 cu. mm. of carbon dioxide were produced. Runs of this kind were repeated several times with concordant results. From this it may be concluded that at room temperature, platinum thoroughly saturated with carbon monoxide has adsorbed on it about 6.9 cu. mm., corresponding to No = 0.56 X IO^^, which checks well with the amount to be expected in a monomolecular layer. Carbon monoxide driven off the platinum a t 360° is completely readsorbed when the platinum is cooled to room temperature.
The behavior of oxygen films adsorbed by platinum is quite different. 'l'o saturate the platinum thoroughly it was heated to 360' for several hours in presence of 3 separate portions of oxygen until n o further disap-pearance of oxygen occurred. The oxygen was pumped out with the bulb still hot, an excess of carbon monoxide was introduced; 14.4 cu. mm. of this disappeared immediately and I I . 8 cu. mm. of carbon dioxide were formed. This indicates that a t 360°, 5 . g cu. mm. of oxygen had been adsorbed on the platinum and that this was replaced by 2 . 6 cu. mm. of carbon monoxide. On allowing the bulb to cool, an additional amount of 4.4 cu. mm. of carbon monoxide was adsorbed by the platinum, making a total of 7 . o cu. mm. in good agreement with the 6 . g cu. mm. recorded above. Cooling the bulb in liquid air caused no perceptible increase in the amount adsorbed. The amount of oxygen adsorbed a t 360°, namely, 5 . g cu. mm., is somewhat greater than that previously observed at 330 O (see Table XXV ). It corresponds to No = 0.48 X 1015. In another case the platinum was again thoroughly saturated with oxygen at 360' and was allowed t o cool in this gas, but there was no evidence of either an increase or a decrease in the adsorption. On heating again to 360' no oxygen was evolved. The oxygen thus seems to be held to the platinum much more firmly than the carbon monoxide.
The adsorption of these gases by platinum is clearly due to very strong chemical forces of the type represented by primary valence. The action with oxygen seems to be wholly irreversible, so that this gas can be removed from the platinum only by reaction with carbon monoxide, hydrogen, etc. With carbon monoxide, the gas is partly driven off by heating, but only with relative difficulty. This behavior is in marked contrast with that observed in the adsorption of gases by mica and glass, where forces involved are of the secondary valence type. The specific nature of theadsorption of gases by platinum offers further confirmation of this conclusion. Qualitative observations have shown that hydrogen is adsorbed in quantities similar to those of oxygen and carbon monoxide, but that carbon dioxide, nitrogen, etc., are not appreciably adsorbed by the platinum at room temperature.
To throw more light on this distinction between the two types of adsorption some experiments were undertaken to measure the adsorption of carbon monoxide and oxygen by platinum cooled by liquid air. Very interesting results were obtained. The platinum was first treated with an excess of carbon monoxide and heated in a good vacuum to 360'. The bulb was cooled by liquid air and then carbon monoxide was introduced in successive small quantities. The first 4 cu. mm. were adsorbed practically completely as soon as introduced. On further additions the amount adsorbed increased only very slowly until a t a pressure of 16 bars it was 4 . 8 cu. mm. The liquid air was now removed and the bulb was immediately packed in loose cotton, so that it would warm up slowly. The pressure rose in I . 5 minutes from 16. o to 18.6 bars and then very gradually decreased-to 16,s. The increase in pressure from 16.0 to 16.8 corresponded closely to the expansion of the gas in the small volume of the bulb previously cooled by liquid air, so that the increase in pressure to 18.6 bars indicated unmistakably that roughly 3 cu. mm. of gas adsorbed on the platinum a t liquid air temperatures, was released by a moderate rise in temperature and that this gas became readsorbed when the temperature approached room temperature. A check run with the blank bulb did not show any corresponding release or adsorption of gas during warming .
It is evident from these data that a t liquid air temperature platinum adsorbs carbon monoxide in much the same way that glass does, that is, by secondary valence forces. With a moderate rise in temperature this gas is released, but in the neighborhood of room temperature the reaction velocity becomes suffici&t for the platinum to react (primary valence) with the carbon monoxide to form a much more stable adsorbed film.
To study the behavior of the platinum towards oxygen under similar conditions, the platinum was first freed from carbon monoxide as far as possible by prolonged exhaustion a t 360 ' . Previous experience had shown that only I , 2 cu. mm. of carbon monoxide remain after such treatment. The bulb was now cooled by liquid air and small quantities of oxygen were introduced. Six-tenths cu. mm. disappeared by adsorption without perceptibly increasing the pressure and then I . 3 cu. mm. more were adsorbed while the pressure rose to 18 bars. On removing the liquid air as before, the pressure rose somewhat (18 9 bars), but not more than corresponded to the expansion of the gas in the bulb. The pressure then gradually decreased, so that when the bulb had reached room temperature it was only 18 bars. On standing overnight the pressure finally decreased to 1 7 . 3 bars. This indicated that I . 9 cu. mm. more of oxygen had been adsorbed by the platinum 011 warming up to room temperature, making a total of 3 . 8 cu. mm. adsorbed. On heating the bulb to 360' there was a further disappearance of 2 . 4 cu. mm. of oxygen and a production of I . 2 2 cu. mm. of carbon dioxide, which was probably formed by the oxid&ion of the I . 2 cu. mm. of carbon monoxide presumably originally present on the platinum. Of the oxygen which disappeared, 2 . I cu. mm. therefore were probably adsorbed, making a total of 5.9, in good agreement with results previously obtained a t this temperature. There is no doubt therefore that the adsorption of oxygen by the platinum increased steadily from about o 6 cu. mm. at liquid air temperatures up to nearly 6 . 0 at 360'. Some further work was done with the platinum foil in studying the velocity of the reaction between oxygen and carbon monoxide, and between oxygen and hydrogen.
The results, however, were rather erratic, owing to unaccountable changes in the catalytic effectiveness of the platinum. From time to time the re-This may be reported on a t a later time. action velocity would become relatively very slow, although no foreign gas in quantity sufficient to form a monomolecular layer seemed to be present. Heating the platinum in presence of a mixture of oxygen and hydrogen always restored the activity. It was thought that mercury vapor or water vapor might account for the variations in reaction velocity, but this was not borne out by experiments made to test this point.
It was my intention to make a thorough study of the causes underlying the activation and passivation of the platinum as well as to study the adsorption of hydrogen and other gases by the platinum a t various temperatures. Unfortunately, the work has had to be discontinued indefinitely before results along these lines were obtained.
Summary.
According to the theory previously developed, gaseous molecules impinging on a solid or liquid surface do not in generalrebound elastically ,from the surface, but condense on it, and are held or adsorbed on the surface by forces similar to those holding the atoms or group molecules of solid bodies. If these forces are weak the "life" of the adsorbed molecules on the surface is short, so that the number of molecules adsorbed at any time is relatively small. On the other hand, when the forces are strong the rate of evaporation of the molecules may be so slow that the surface becomes practically completely covered by a monomolecular layer of adsorbed molecules. In the present paper this theory is extended and is developed along quantitative lines.
The theory requires that in typical cases of true adsorption the adsorbed film should not exceed one molecule in thickness. This is contrary to the usual viewpoint. The discrepancy is accounted for by the fact that nearly all investigators have worked with porous bodies in which the adsorbing surface is indeterminate or have used nearly saturated vapors so that condensation of liquid occurred in capillary spaces. Others have mistaken solution or absorption for true adsorption.
The mechanism of adsorption is discussed a t some length. The forces causing adsorption are typically chemical and exhibit all the great differences in intensity and quality characteristic of chemical forces. The adsorption of so-called permanent gases by solids usually involves only secondary valence forces. A great many cases of adsorption, particularly by metals, are caused by primary valence forces. Under certain conditions stoichiometric relations should govern the amounts of gas adsorbed on saturated surfaces. These relationships may fail to hold because of steric hindrance effects between the adsorbed molecules.
Equations are developed which give the relation between the amount of adsorbed gas and the pressure and other variables under various assumed conditions. No single equation other than purely thermodynamic ones should be expected to cover all cases of adsorption any more than a single equation should represent equilibrium pressures for all chemical reactions.
Experiments were udertaken ro measure the adsorption of several common gases by plane surfaces of mica, glass, and platinum. By using pressures of 100 bars (approximately o I mm. of mercury) or less, small quantities of gas were more easily measured and the danger of condensation of liquefied gas in capillary spaces was avoided.
At room temperature the adsorption by mica and glass was negligible, certainly not over one per cent. of the surface being covered by a single layer of molecules. -it -183 and at --I 18 C., relatively large amounts of gas were adsorbed, except in case of hydrogen. A t the higher pressures used, the surfaces tended to become saturated with gas. The maximum quantities adsorbed even with saturated surfaces were always somewhat less than the amounts to be expected in a monomolecular layer. The results are summarized in Tables XVIII, XIX and XX. The amounts of the different gases adsorbed by saturated surfaces of mica and glass were always in the following order: hydrogen, oxygen, argon, nitrogen, carbon monoxide, methane, and carbon dioxide.
The amounts of these gases adsorbed by mica and glass varied with the pressure in accordance with Equation 9, which was dediced for the case of simple adsorption. The adsorption of these gases was easily and quickly reversible.
No adsorption of gases could be observed even a t -183') until the platinum had been "activated" by heating to 300' in a mixture of hydrogen and oxygen a t low pressure. After this activation, hydrogen and oxygen or carbon monoxide and oxygen reacted together readily at room temperature in contact with the platinum. The platinum was then found capable of adsorbing oxygen, carbon monoxide or hydrogen. The maximum quantities of oxygen and carbon monoxide corresponded to monomolecular layers. The oxygen could not be driven off either by heat or by pumping. When the platinum was in contact with an excess of oxygen the amount of oxygen adsorbed increased as the temperature was raised, but the action was irreversible. Adsorbed carbon monoxide could not be removed by pumping at room temperature, but a t 300' part of it could be pumped off. When oxygen was brought in contact with carbon monoxide adsorbed on the platinum it reacted rapidly to from carbon dioxide, which at room temperature showed no tendency to be adsorbed on the platinum. In a similar way carbon monoxide brought into contact with adsorbed oxygen reacted immediately. These cases of adsorption are clearly due to chemical forces of the primary valence type.
Further work needs to he done to determine the cause of the activation of the platinum.
The phenomena observed with platinum were quite different.
